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Abstract 
We study the interaction of neutral polyethylene glycol (PEG) molecules of different molecular 
weight (MW) with the charged residues of the -hemolysin channel secreted by S. aureus. 
Previously reported experiments of PEG equilibrium partitioning into this nanopore show that 
the charge state of the channel changes the ability of PEG entry in a MW-dependent manner. We 
explain such effect by parameter-free calculations of the PEG self-energy from the channel 3D 
atomic structure that include repulsive dielectrophoretic and hydrostatic forces on the polymer. 
We found that the pH-induced shift in the measured free energy of partitioning Gexp from 
single-channel conductance measurements agrees with calculated energy changes Ecalc. Our 
results show that PEG-sizing technique may need corrections in the case of charged biological 
pores. 
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Introduction  
Neutral polymers like polyethylene glycols (PEG) or dextran are often used in the biophysical 
characterization of protein ion channels. Particularly, in pore sizing,1–17 access resistance 
measurements,1,8,18 or to induce osmotic stress in polymer-excluded regions.19–21 The use of 
polymer partitioning into biological nanopores to size the aqueous pore of protein ion channels 
has become a standard technique and it proved useful as a complement to structural approaches 
like X-ray diffraction or Cryo-EM. Some of these applications involve the polymer confinement in 
aqueous pores of protein channels with charged residues. The basic principles of polymer 
behavior in restricted volumes were established by the pioneers in this field 22,23 but a good 
understanding of the physics behind the interaction of polymer molecules with membranes, 
channel proteins, and other polymer molecules needs further contributions. So far, 
phenomenological approaches have been mostly used to quantitatively describe polymer 
equilibrium partitioning in biological pores and scaling theories seem insufficient for an accurate 
description. Here we aim to contribute to a particular aspect of this problem: the interaction of 
neutral polymers with charged channel proteins in electrolyte solutions 1. 
A well-known phenomenon relevant to this problem is the polarization of a neutral particle 
whose dielectric properties differ from those of the surrounding medium in the presence of an 
electric field. Under inhomogeneous electric fields acting on the particle, this polarization causes 
a dielectrophoretic force, which is the basis of several biotechnology and biomedical applications 
involving particle trapping, cell separation, etc. 24,25. This effect is conceptually equivalent to the 
energetic penalty of an ion crossing a narrow pore opened in a low dielectric medium (e.g. a lipid 
bilayer and/or a transmembrane protein) where a charged particle is repelled from a neutral low 
dielectric surrounding medium.26 In addition, whenever a neutral particle perturbs the 
equilibrium electric double layer near a charged surface, the pressure gradient acts as a net 
repulsive force that pushes the particle away from that surface. Both the dielectrophoretic force 
(FD) and the hydrostatic force (FH) contribute to exclude a neutral particle from a charged surface 
provided the polarizability is lower in the particle than in the solution.27  
Here we focus on the effect of these two forces acting on neutral polymers that partition into the 
aqueous pore of the -hemolysin (aHL) channel, a toxin secreted by Staphylococcus aureus. The 
aHL channel has been used for biosensing for more than two decades 28,29 and it was the starting 
point for nanopore-based single-molecule mass spectrometry. We take the advantage that its 3D 
atomic structure and charge distribution are known.30 Its mild anionic selectivity at neutral pH 31 
can be modulated or even reversed by changing the solution acidity. In order to compare our 
model calculations with the existing experimental data on polymer partitioning we analyze the 
interaction between the aHL channel and different molecular weight (MW) PEGs. The goal is 
showing that, in the absence of specific effects like polymer-cation binding at very high salt 
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concentration 32 or PEG-to-PEG-pushing,5,6,33 equilibrium PEG partitioning in aHL (and possibly in 
other channels) is to a good extent regulated by the above dielectrophoretic and hydrostatic 
forces. To this end we model the polymer as a (low permittivity) spherical, neutral object 
immersed in an ionic solution of given ionic strength and calculate the change in the polymer 
self-energy when entering the pore. The initial motivation of this study was the reported 
experimental evidence that the charge state of aHL channel modifies neutral PEG partitioning 
into the pore in a molecular weight (MW) dependent way.2 Here we demonstrate that the 
difference in free energy of PEG partitioning at two different pH conditions can be quantitatively 
accounted by assuming PEG is a dielectric spherical object that feels the dielectrophoretic and 
hydrostatic repulsive forces originated in the protein ionizable residues lining the pore lumen. 
We also show that the solvent electroosmotic flow induced by ion current is expected to have a 
negligible effect on PEG equilibrium partitioning. Notwithstanding the limitations of the model, 
the agreement found with PEG partitioning free energies determined from single-channel 
conductance experiments seems remarkable, considering the use of only PEG MW-dependent 
hydrodynamic radius and aHL structural data without fitting parameters. These results might help 
to improve the analysis of nanopore sizing based on PEG partitioning and conductance 
measurements by considering the influence of nanopore charges on neutral polymers. 
 
Materials and Methods 
Basic equations 
We consider a neutral particle with permittivity p immersed in an electrolyte solution with 
permittivity w and Debye length  -1. We denote by (r) and E(r) the electric potential and electric 
field, respectively, created by a charged interface at the point r(x, y, z). The dielectrophoretic 
force acting on the particle can be obtained by integrating the Maxwell stress tensor over the 
particle surface Sp. Generally, the electrostatic force on a surface Sp in a medium of permittivity 
 is: 27,34,35  
  
T 21








F E r E r E r I n r  (1) 
where I is the identity matrix, n(r) is the unit normal vector pointing away from the surface Sp 
and superindex T indicates a transposed matrix. The electric field E(r) can only be found in closed 
form for a few particular cases (planar geometry, absence of ions in solution, etc.). The force 
acting on the fluid surrounding the particle, here denoted as hydrostatic force, FH, can be 
obtained from integration of the pressure tensor 27 over the particle surface: 
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p dS = − +  + F r u r u r n r  (2) 
where  stands for the viscosity of the fluid and p(r) for the local pressure. For steady-state 
conditions, mass conservation leads to zero divergence of the solvent velocity u(r) and eq 2 
simplifies to: 




p dS= −F r n r  (3) 
The pressure p(r) follows from solving the Navier-Stokes equation, which in our case simplifies 
to the form: 
 ( ) ( ) ( ) 0p  − =r r E r  (4) 
where (r) is the local charge density due to the mobile ions in solution. Before attempting the 
integration of eqs 1 and 3 to get the total force on the particle F = FD + FH, one needs to solve the 
Poisson-Boltzmann equation for the local electric field created by the channel charges: 






 =  
 
r r  (5) 
where kB is Boltzmann constant, T the absolute temperature and e the elementary charge. Note 
that eq 5 is written for a 1:1 electrolyte for the sake of simplicity. 
 
Numerical Procedure 
We used the 3D atomic structure of the channel available at the Protein Data Bank (access code 
7AHL) for the numerical calculation of the electrophoretic and hydrostatic forces on PEG solutes 
in the aHL channel. Then, two structures differing in the ionization state of some residues 
(corresponding to solution pH 4.5 and 7.5) were obtained by using the PROPKA algorithm 
implemented in pdb2pqr (version 2.1.1.).36⁠ This tool yields a PQR file, a format similar to PDB 
with additional information about the radii and charge of each atom at the selected pH (in our 
case we used the CHARMM force field included in the application). The PQR files corresponding 
to each pH were used to calculate the electrostatic potential under conditions mimicking the 
protein inserted in a lipid membrane. The code used here is a modification of the one used 
previously 37,38 for solving the Poisson-Nernst-Planck equations⁠. The same code can be used 
(although with a somewhat higher computational cost) to solve the linear or nonlinear Poisson-
Boltzmann (PB) equation (by imposing zero applied potential and zero current conditions). 
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The numerical solution of the PB equation yields a 3D map of the electric potential (r) and the 
field E(r) within the simulation box. These quantities are needed for the estimation of the 
dielectrophoretic and hydrostatic force (eqs 1 and 3) felt by the neutral particle in the integration 
regions. To get the dielectrophoretic force we use the expression due to Cai et al.,39 obtained by 
direct integration of the Maxwell stress tensor (eq 1) over the boundary surface of the particle: 




D w p o i
S
dS = − −F E E n r  (6) 
Where the subscripts in Eo and Ei refer to the electric field outside (o) and inside (i) the particle 
boundary surface. For mathematical details of the derivation of eq 6 see e.g. the appendix of 
reference 39. Two consequences follow from eq 6: First, the dielectrophoretic force FD cancels out 
when the dielectric permittivity of the particle equals that of the surrounding medium; Second, 
this force is symmetrical with respect the sign of the source charges, as the sign of both Eo and Ei 
will change simultaneously. Eq 6 can be further simplified using the following boundary 
conditions over the surface of the particle (r = R): 
 







in terms of the normal (⊥) and parallel () components of the electric field outside or inside a 
particle of radius R. Using the outside electric field, we get for eq 6: 
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= − F r n r  (9) 
The solution to the Poisson-Boltzmann, eq 5, and the computation of the eqs 8 and 9 was 
achieved by using FiPy,40⁠ a partial differential equation solver written in Python.41 In our case, 
once the pqr structure was loaded into FiPy, we defined an unstructured tetrahedral mesh in the 
solution box around the protein and the model membrane (a low dielectric region mimicking the 
biological membrane), and also within a spherical surface enclosing the low dielectric  particle 
(PEG model) with variable radius and position. This was accomplished by using gmsh 42 from 
within the FiPy-Python environment⁠. Additional code developed for this purpose allows the 
reading and processing of the three-dimensional structures of the channel protein in PQR format. 
The protein structure was oriented with the channel axis parallel to the z-axis. Subsequently, a 
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region inaccessible to the solution was added to represent the membrane, thus dividing the box 
into two regions connected by the protein channel. The result is that the integration box 
comprises three regions with different dielectric constants and ionic and solvent accessibility: The 
protein/membrane, the solution, and the spherical particle. Since FiPy does not allow internal 
boundary conditions to be applied, ionic accessibility, solvent-accessible regions and other 
position-dependent quantities are constructed using a mask, so that internal boundary conditions 
are automatically satisfied. Regarding the boundary conditions on the external surfaces of the 
integration box, FiPy by default establishes no flows and/or fields in all of them (Neumann type). 
Therefore, it is only necessary to assign specific potential values (Dirichlet type) on external 
surfaces perpendicular to the axis of the channel (i.e. at z = ±L) that can be identified with the 
values of the electric potential on the bulk solution on both sides of the membrane (zero in this 
work). FiPy uses PySparse by default,43⁠ which in our tests proved to be extraordinarily stable and 
robust in terms of convergence under different conditions and geometries. PB equation is solved 
iteratively until convergence at the desired accuracy is reached (when the residue —the result of 
solving with the sweep order in FiPy— of the corresponding equation is less than 5·10-7). In all 
cases an unstructured tetrahedral mesh of characteristic size 1.5 Å has been used all over the 
integration box. All calculations were carried out on an Intel-i7 12-core workstation with 140 GB 
of RAM. 
 
Results and Discussion 
The aHL toxin forms heptameric pores in lipid bilayers. The transmembrane part of the pore, also 
known as the stem part, is nearly cylindrical. The bulky part of the channel is the cap domain, 
which has a large cavity with a narrow entrance (Figure 1). Each one of the seven subunits 
contains 293 amino acids, of which 95 are ionizable. Their ionization state at neutral pH makes 
the channel slightly anion selective because of its net positive charge. Negative and positive 
charges display axial symmetry, but they are asymmetrically distributed along the pore. We 
assume that the change from pH 7.5 to pH 4.5 does not induce conformational changes in the 
pore.44-46 From the spatial distribution of ionizable residues we calculated the protonation state 
of each amino acid, which is influenced by the neighbor residues,45 as detailed in the Methods 
section. Then, the electric potential and the electric field over the pore and the surrounding 
solution was mapped. 
Bezrukov and Kasianowicz 2 measured the free energy change of a single PEG molecule 
partitioning into aHL channel caused by channel side chain titration (from pH 7.5 to pH 4.5). They 
performed single conductance experiments with 15% (w/w) of a given MW PEG added 
symmetrically to 1 M NaCl solutions. Whereas in absence of PEG channel conductance increased 
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by 15% upon lowering three pH units, in PEG solutions the same pH change decreased the 
apparent cut-off size of PEG entry. The change G ( GpH4.5 - GpH7.5) in polymer free energy 
of partitioning induced by channel titration was a small and positive quantity and it scaled with 
the square of the polymer MW. Therefore, as the channel net positive charge was increased, the 
PEG cut-off size to penetrate the aHL pore became smaller. Note that lowering the solution pH 
from 7.5 to 4.5 increases by more than 50% the channel anionic selectivity (permeability ratio 




Figure 1. Cartoon that illustrates the effect of channel charge on the partitioning of neutral PEG 
molecules into the aHL channel. Channel (net positive) charge is higher at pH 4.5 than at pH 7.5. 
The channel-PEG interaction is seen in a reduction of the cut-off size of the biggest PEG able to 
enter the pore from pH 7.5 to pH 4.5. 
 
They speculated about the origin of this unusual “net charge effect” on a neutral polymer. Among 
possible causes they mentioned the change in water properties induced by protonation of some 
amino acid side chains and the polymer exclusion near charged sites because of their lower 
dielectric constant than water. We attempt here to explain quantitatively the increase in PEG 
free energy of confinement observed upon titration of aHL channel by calculating the repulsion 
of a low permittivity neutral particle immersed in an electrolyte solution near a charged surface. 
We model a PEG molecule as a neutral, low permittivity sphere with the same radius as the 
characteristic hydrodynamic radius of each PEG according to its MW and assume that PEG 
dielectric constant is ca. 10.48,49 However, our calculations showed that the actual value of this 
parameter has little influence in the total force acting on the particle, provided PEG dielectric 
constant is much smaller than that of the salt solution (ca. 78-80). No significant differences were 
found by using for p values 6, 10 or 20 times the vacuum permittivity. 
From numerical integration of the dielectrophoretic and the hydrostatic force, eqs 8 and 9, we 
obtain the total force F ( FD + FH) acting on a neutral particle of radius R when it approaches the 
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channel opening along the z axis of the protein. This is the most energetically favorable particle 
path given the axial symmetry of this heptameric channel. In addition, the number of PEG 
molecules within the cap side of the channel is very small in a 15% PEG solution (between 5 and 
1 for PEGs of 600-2000 Da). Therefore, we can assume as a first approximation that PEG 
partitioning occurs in single-file fashion. By integrating this repulsive force F (from a virtual 
infinite distance up to a given location) we calculate the characteristic self-energy of the particle 
at each axial position. This energy is strongly dependent on the relative size of the particle with 
respect the pore opening as well as on the pore charge.  
Figure 2 illustrates this dependence with calculations of the self-energy of the particle that moves 
along the symmetry axis of the aHL channel towards its cap entrance (The particle self-energy in 
the stem entrance is much less significant for reasons that will be mentioned later). The highest 
energy is achieved at the transition between the entrance funnel and the cavity, where the 
particle gets nearer the protein charges. Fig. 2A shows that a small change in the particle size 
(from 7.5 to 9 Å in radius) is enough to increase five times the energy peak at pH 7.5. Figure 2B 
shows the self-energy for a 7.5 Å particle for two different charge states of the aHL channel, 
corresponding to pH 7.5 and pH 4.5. The increase in net positive charge caused by (possibly 
partial) protonation of some residues with effective pKa in the range 4.5-7.5 yields stronger 
dielectrophoretic and hydrostatic force on the particle. 
 
  
Figure 2. Self-energy of a spherical particle partitioning between the external solution and the 
cap side (entrance radius 13 Å) of the aHL pore in a 1 M KCl solution. A) The energy peak is 
highly sensitive to the size of the particle (radii 7.5 and 9 Å as depicted). B) Self-energy of a particle 
with radius 7.5 Å in solutions of pH 7.5 and 4.5 as labeled. Protonation of a few amino acids 
increases the net positive charge in the pore and, consequently the energy penalty for 
partitioning into the pore. A dashed line with 1 nm spaced marks is depicted along the 
B A 
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longitudinal axis of the channel to help as reference for the position of the peak. The shaded 
region is a cross section of the protein aHL (slightly edited but keeping the original aspect ratio). 
 
The relative contribution of the dielectrophoretic force FD and the hydrostatic force FH to the 
energy also depends on the size of the particle and the protein charge. Figure 3 shows the 
corresponding energies ED and EH (of the particle on the cap side) for three particle radii and two 
protein charge states corresponding to pH 7.5 and pH 4.5. For low pore charge density (pH 7.5) 
the two energy profiles slightly differ in the position of their peak, whereas such difference 
becomes negligible at pH 4.5. The superposition or relative displacement between maxima of the 
two curves is probably related to the fact that FD varies with the square of the electric field (see 
eq. 8) while FH varies with the square of the electric potential (see eq. 9). On top of that there is 
an additional integration over the particle surface which “disconnects” the final numerical result 
from local values of the electric potential and the field. For particle sizes much smaller than the 
channel aperture the peak energy associated to the hydrostatic force is several times greater 
than the one originated by the dielectrophoretic force. This is shown in the two bottom plots of 
Figure 4 (R = 7 Å at pH 7.5 and R = 9 Å at pH 4.5). However, for particle radii closer to that of the 
channel aperture (radius 13 Å), the opposite happens and ED attains higher values than EH , as 
shown in the two top plots of Figure 4 (R = 10 Å at pH 7.5 and R = 10.5 Å at pH 4.5). This transition 
between prevailing EH to prevailing ED occurs at both pH. This effect is possibly related to the 
peculiar geometry and charge distribution of the aHL channel entrance. In addition, this relative 
contribution may suggest that other calculations for a model nanopore-particle idealized system 
35 that yielded hydrostatic forces much greater than dielectrophoretic ones cannot be 
extrapolated to protein channels. 
Biomacromolecules, 22 (2021) 410-418 
10 
pH 7.5
Axial position  (nm)





























Axial position  (nm)




























R = 7 Å 
R = 9 Å 
R = 10 Å R = 10.5 Å 
R = 10 Å 
R = 9 Å 
 
Figure 3. Self-energy of spherical particles of different radii (as labeled) partitioning between 
solution and the cap side of the aHL pore in a 1 M solution of a monovalent salt at pH 7.5 (left 
panel, solid lines) and pH 4.5 (right panel, dashed lines). The energy ED corresponding to 
dielectrophoretic force and the energy EH corresponding to hydrostatic force are represented by 
blue and pink curves, respectively. The zero of the axial coordinates corresponds to the center of 
the longitudinal axis of the protein channel (the protein spans approximately from -5 to +5 nm). 
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Top, middle, and bottom panel corresponds to charge state and particle radius combinations that 
yield ED > EH, ED ≈ EH and ED < EH, respectively. 
Figure 4 displays calculations of the particle self-energy averaged over the cap entrance region 
(where ionization of some residues might change the total force acting on the particle) for pH 4.5 
(blue squares) and pH 7.5 (green circles).  Free energy of PEG partitioning 
(calculations)
PEG hydrodynamic radius (Å)























Figure 4. Average self-energy of a spherical particle partitioning between solution and the cap 
side of the aHL pore in a 1 M solution of a monovalent salt. Blue squares correspond to 
calculations at pH 4.5 and green circles to pH 7.5. A dashed line is drawn for an energy 
comparable to the thermal energy of the particle. 
 
An increase in particle radius from 5 to 10 Å yields two orders of magnitude increase in the 
average self-energy. The horizontal dashed line for an energy of 1 kBT is an aid to visualize the 
size of a particle having thermal energy comparable to its average self-energy when entering the 
aHL channel through the cap aperture at two different pH. A particle of radius 8.5 Å at pH 4.5 and 
a particle of 9.5 Å at pH 7.5 have the same energy. This means that, at least qualitatively, the 
dielectrophoretic and the hydrostatic force might explain the different PEG partitioning into aHL 
channel observed upon titration. 
As expected, the channel charge screening modulates the interaction between the pore and the 
particle. The salt concentration in the solution plays an important role in the energy associated 
to the dielectrophoretic and hydrostatic repulsive forces on the particle. Both the increase of the 
size of the electric double layer (as ionic strength is lowered) and the increase in pore charge 
(concomitant with pH decrease) contribute to enhance the particle repulsion and the 
corresponding average energy of the particle in the cap entrance. Figure 5 illustrates this effect 
for the two charge states of the aHL channel considered so far and a neutral particle of radius 
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7.4 Å (approximately half the radius of the cap entrance). At pH 4.5 the change in the average 
energy of the particle in the cap entrance from 1 M up to physiological concentration is almost 

























Figure 5. Average self-energy of a spherical particle of radius 7.4 Å partitioning between solution 
and the cap side of the aHL pore  in solutions of monovalent salts of several concentrations. Blue 
squares correspond to calculations at pH 4.5 and green circles to pH 7.5. A dashed line is drawn 
for an energy comparable to the thermal energy of the particle. 
 
The above model calculations of the dielectrophoretic and hydrostatic energy of neutral, 
dielectric particles of varying size involve no extra fitting parameters. Numerical solution of eqs 
8 and 9 for the spatial charge distribution and geometry of the cap aperture of aHL channel (from 
its 3D atomic structure) yield average energy values similar to the thermal energy and highly 
sensitive to the protein charge state and to the particle size. Our next step is comparing the 
computed energies with partitioning free energy estimates from single channel conductance 
measurements. This involves the assumption, already mentioned in the Introduction, of 
considering a PEG molecule as a neutral spherical particle. We assume that the free energy of 
partitioning G of a PEG molecule between bulk solution and the channel (under equilibrium 
conditions) includes an energetic contribution E (which may be negative or positive depending 
on whether the prevailing interaction with the channel is attractive or repulsive, respectively) 
and a positive term, -TS, accounting for the entropic loss associated to PEG chains confinement 
in the pore: 
 G = E -TS (10) 
Biomacromolecules, 22 (2021) 410-418 
13 
In the absence of any PEG-to-PEG interaction in bulk solution (dilute regime) PEG entry will be 
observed when G is much smaller or comparable to thermal energy kBT. To circumvent the 
difficult estimation of the entropic loss S, we calculate the change in G between two 
partitioning equilibria at different pH, with presumably identical S. Therefore, we hypothesize 
that G = E. Table 1 shows estimates of Gexp from channel conductance measurements 2 
and calculations of the change in the average energy Ecalc for a model particle having the same 
radius as the PEG molecule. We consider only PEG molecules small enough to enter the channel 
through the cap side (up to MW 2000 approximately).  
 
Table 1 
pH-induced shift in PEG free energy of partitioning and calculated average energy between 






(pH 7.5 → pH 4.5) 
Ecalc (kBT) 
(pH 7.5 → pH 4.5) 
Effective radius # (Å) 
600 5.7 0.07 0.04 6.4 
1000 7.4 0.21 0.16 7.7 
1540 9.3 0.51 0.74 8.8 
2000 10.6 0.83 1.64 9.5 
* Estimated following 50 
# Radius of the sphere that yields Ecalc = Gexp  
 
The effective radius shown in Table 1 is the radius of the particle needed to yield Ecalc = Gexp. 
It is very close to the PEG hydrodynamic radius (differences are ca 10% or less). It is reasonable 
to think that large polymers whose characteristic size is closer to the pore aperture must suffer 
a larger deformation to enter the pore. The assumption of PEG as a spherical object becomes 
questionable in this range. Note also that the theoretical and experimental determination of the 
PEG hydrodynamic radius is not without difficulties. There are small differences in the values of 
the scaling coefficient  of the relationship Rh  (MW) reported in the literature between PEG 
hydrodynamic radius and MW. Depending on the experimental technique used (viscosimetry, 
diffusion, Small Angle Neutron Scattering, Dynamic Light Scattering)  ranges from 0.4 to 0.57 
(Classical scaling theory predicts 0.55-0.57 23). Here we follow the values reported by Lee et al.50 
for unhydrated PEGs that take into account the shape anisotropy of diffusing PEGs through a 
pore. 
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Interestingly, the agreement between calculations and experiments is good for low MW PEGs 
whereas becomes poor for larger polymers. Still, calculations capture the order of magnitude of 
the change in partitioning free energy Gexp between pH 7.5 and pH 4.5. Figure 6 shows 
additional calculations of Ecalc for several radii of PEGs superimposed with free energy change 
obtained from experiments 2. Increase in free energy of PEG partitioning 
from pH 7.5 to pH 4.5
PEG hydrodynamic radius (Å)


























Figure 6. Change in the free energy of PEG partitioning between pH 7.5 and pH 4.5, Gexp (pink 
triangles) estimated from single-channel conductance measurements 2 and calculations of the 
corresponding change in the average energy Ecalc (cyan circles) for a PEG molecule partitioning 
between solution and the cap side of the aHL pore in a 1 M solution of a monovalent salt. In 
calculations, a PEG molecule is idealized as a spherical particle of radius Rh. In the plot of Gexp 
the hydrodynamic radius of PEG for each MW has been assigned following Lee et al.50. 
 
The conductance experiments reported by Bezrukov and Kasianowicz 2 were performed using 
symmetrical 15% PEG solutions on both sides of the channel. Therefore, we also calculated the 
corresponding change in average energy Ecalc for a PEG molecule entering the channel through 
the stem side. Because of the peculiar distribution of ionizable residues near this entrance, 
titration from pH 7.5 to pH 4.5 barely changes the net charge near this stem aperture.46 
Consequently, the shift Ecalc on this side was more than an order of magnitude lower than the 
corresponding for the cap side, irrespective of the particle size. Interestingly, this change Ecalc 
was negative, i.e. a slightly smaller average energy for pH 4.5 than for pH 7.5. This result is 
consistent with the fact that the aHL channel exhibits a small net negative charge near the stem 
mouth 30 and partial titration of some aspartic or glutamic residues decreases the net charge 
(opposite to what happens on the cap entrance where net positive charge increases upon 
lowering pH). The dielectrophoretic and the hydrostatic forces between a neutral PEG molecule 
and a charged surface depend on the square of the electric field and the square of the electric 
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potential, respectively (see Methods section). Then, a decrease in negative charge implies a 
decrease in the energy. For PEG 1540 and PEG 2000 we get Ecalc= -0.06 kBT and Ecalc= -0.13 
kBT, respectively. These values are much lower in magnitude than the corresponding ones in 
Table 1 for the cap side and too small to compensate for the overestimation seen in the Ecalc 
values for these large PEGs.  
One may ask whether the model accurately captures the free energy of partition Gexp rather 
than the difference Gexp between two different channel charge states. Table 2 shows the free 
energy of PEG confinement Gexp for each pH (calculated from data reported by Bezrukov et al.2) 
as well as the calculated average energy Ecalc for the same conditions. For the small PEG 600 
and PEG1000 in both pH conditions, Ecalc < Gexp and their values do not differ much. This is 
consistent with the fact that the entropic penalty for partitioning of polymers much smaller in 
size than the channel aperture should be very low and hence G  E. In contrast, for PEG1540 
and PEG2000 the calculated energy and the free energy obtained from conductance 
measurements differ by factors of 1.3-4. Interestingly, Gexp < Ecalc. We would expect right the 
opposite, given that the entropic contribution to the free energy of confinement (-TS) is positive 
and adds up to the energy term E. We speculate that the suspected attractive interaction 
between PEG molecules and hydrophobic segments of the channel previously reported,1 which 
is overlooked in our model, could be an explanation for this overestimation of the free energy of 
confinement. However, we do not have a satisfactory explanation of such effect. Most probably, 
modelling the PEG molecule as a sphere with a radius like the PEG hydrodynamic radius in free 
solution and ignoring their possible deformation upon pore entry becomes questionable when 
the radius is very close to the aperture size. This would lead to an overestimation of the 
dielectrophoretic and hydrostatic forces and hence to unrealistic values of Ecalc because this 
calculated average energy increases very steeply with the PEG radius for large PEGs.  
 
Table 2 
PEG free energy of partitioning and calculated average energy for both channel charge states 
PEG MW 
(Da) 
pH 7.5  pH 4.5 
Gexp (kBT) Ecalc (kBT) Gexp (kBT) Ecalc (kBT) 
600 0.017 0.011 0.11 0.05 
1000 0.089 0.058 0.34 0.22 
1540 0.29 0.45 0.90 1.19 
2000 0.78 2.91 1.59 4.4 
Biomacromolecules, 22 (2021) 410-418 
16 
We estimated the possible effect of electroosmotic flow (EOF) on PEG partitioning, as EOF 
might occur in NaCl conductance measurements under an applied voltage 2 and it is sensitive to 
the channel charge. In fact, under positive applied voltage, there would be an EOF towards the 
cis side, partially hindering the polymer entry into the cap side of the channel. Therefore, the 
solvent drag on the PEG would be added to the repulsive dielectrophoretic and hydrostatic 
force acting on it. The EOF in aHL channel was demonstrated on two different studies 51, 52 using 
the neutral molecule beta-cyclodextrin (similar in size to PEG 1000). By using values of aHL 
selectivity 51 and conductance 2 measured in 1 M NaCl solutions at pH 7.5 and pH 4.5 we 
estimated the drag force on PEGs, which is typically an order of magnitude lower than the sum 
of the dielectrophoretic and hydrostatic force. For a particle of 7.4 Å like PEG 1000, this drag 
force is about 0.03 pN whereas FD + FH  0.3 pN. Therefore, under the typical voltage (100 mV) 
and high salt concentration of the ionic conductance measurements 2 used to compare with our 
calculations, the effect of the EOF on PEG partitioning in aHL is expected to be negligible. 
 
Conclusions 
We have studied the equilibrium partitioning of PEG polymers with varying MW into a biological 
nanopore, the aHL toxin, for different pH-induced charge states of this protein channel. The 
reported change in the ability of neutral polymers to enter the pore upon channel titration was 
analyzed. We have shown that the electric field created by the net positive charge of this 
nanopore induces two repulsive forces acting on the PEG molecule. First, a dielectrophoretic 
force FD resulting from the action of the electric field on a low polarizability particle like PEG 
immersed in a medium of higher dielectric constant. Second, a hydrostatic force FH that pushes 
the PEG molecule away from the electric double layer to keep the right balance of concentration 
of mobile ions near the charged interface. General expressions for FD and FH have been derived 
from the Maxwell stress tensor and the pressure tensor, respectively. These forces and the 
corresponding PEG molecule self-energy have been numerically computed by using the 3D 
atomic structure of the aHL channel and its 3D charged residue spatial distribution for each pH. 
The computation of the total self-energy of a PEG molecule that enters through each one of the 
channel openings and its averaged value over the cap and the stem entrance allowed its 
comparison with the free energy of PEG partitioning into aHL pore obtained from single channel 
conductance measurements.2 The computed energy increases with the PEG MW and the channel 
charge, in agreement with experiments. We found that the pH-induced (from pH 7.5 to pH 4.5) 
shift in the measured free energy of partitioning Gexp is well reproduced by parameter-free 
calculations of the dielectrophoretic and hydrostatic forces based on the channel 3D structure. 
For low MW PEGs  Ecalc ≈ Gexp , whereas calculations overestimate Gexp for PEGs whose 
Biomacromolecules, 22 (2021) 410-418 
17 
size is similar to the channel mouth, possibly because large PEG molecules no longer display a 
spherical shape to penetrate the nanopore and suffer some deformation. In the case of small 
polymers like PEG 600 and PEG 1000 the computed energy Ecalc is slightly lower than the 
partitioning free energy Gexp both for experiments at pH 7.5 and pH 4.5, consistently with the 
fact that the entropic penalty for partitioning (-TS) should be very small because of the relative 
size of the polymer and the channel aperture. For larger polymers S is probably significant, and 
we find that Gexp and Ecalc are different. Presently, we do not have a clear explanation for the 
unrealistic high values of Ecalc yielded by our calculations for larger polymers. The cause could 
be in misrepresenting the polymer as a sphere with the PEG hydrodynamic radius in bulk 
solutions. We also estimated the possible effect of electroosmotic flow on PEG partitioning and 
found that the solvent drag force on the PEG molecule can be neglected when compared with FD 
and FH. Despite the limitations of the model, this is to our knowledge the first attempt to 
quantitatively evaluate of the energy involved in PEG partitioning into charged protein channels. 
Our approach shows that the interaction of large neutral solutes with charged nanopores should 
not be ignored even in solutions of high ionic strength where screening of pore charges is 
important. This charge effect fact is relevant to many nanopore-based sensors used in particle 
detection. We believe that these findings can be applied to other biological nanopores, so that 
the pore sizing experiments may be correctly analyzed by taking into account the effect of 
channel charge on neutral polymers. This study reports a new approach to accounting for the 
energy components of polymer partitioning into nanoscale pores, the phenomenon that 
underlies a great number of transport processes in biology. 
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